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THE DESIGN AND CONSTRUCTION 
O F T H E R M A L F L O W M E T E R S 

by 

R. W. K e s s i e 

A t h e r m a l f l o w m e t e r has been des igned and t e s t e d which will 
m e a s u r e a wide r a n g e of flow r a t e s for highly c o r r o s i v e g a s e s . R e s p o n s e 
to flow r a t e c h a n g e s is fast . The p a r a m e t e r s for changing the s i ze and r e 
sponse of the f l owmete r have been eva lua t ed . 

INTRODUCTION 

Convent iona l f l o w m e t e r s a r e usua l ly a d v e r s e l y affected by the r e 
moval f rom o r addi t ion of m a t e r i a l to the fluid channe l . Even a s m a l l 

amoun t of c o r r o s i o n will s e r i o u s l y 
F i g u r e 1 

CLASSICAL THERMAL 
F L O W M E T E R 

a l t e r the c a l i b r a t i o n of v e r y s m a l l 
o r i f i ce m e t e r s and r o t a m e t e r s . T h i s 
difficulty is o v e r c o m e in the c l a s s i 
cal t h e r m a l f l o w m e t e r , in which flow 
is m e a s u r e d by a t e m p e r a t u r e dif
f e r e n c e p roduced in a flowing s t r e a m 
by adding hea t at a known r a t e . A 
d i a g r a m of a c l a s s i c a l t h e r m a l flow
m e t e r is shown in F i g u r e 1. Howeve r , 
t h i s f o r m of the t h e r m a l f l owmete r 
has two i m p o r t a n t d i s a d v a n t a g e s : 

1) the c a l i b r a t i o n c u r v e is 
such that any p a r t i c u l a r r ead ing can 
be given by e i t h e r of 2 flow r a t e s ; 
and 

2) the t i m e of r e s p o n s e to 
flow c h a n g e s is slow at lower flow 
r a t e s . 

The t w o - v a l u e d c a l i b r a t i o n c u r v e is a c o n s e q u e n c e of the following. 
F o r a given hea t input r a t e , the t e m p e r a t u r e d i f f e rence d e c r e a s e s f rom a 
h ighe r va lue a s the flow r a t e is i n c r e a s e d . On the o t h e r hand, for a s y m 
m e t r i c a l c o n s t r u c t i o n the t e m p e r a t u r e d i f f e rence is z e r o at z e r o flow. 
Thus the p a t t e r n of the c l a s s i c a l f l owmete r i s such tha t the t e m p e r a t u r e 
d i f fe rence r i s e s f rom z e r o to a m a x i m u m after which it fa l l s a s y m p t o t i 
ca l ly to z e r o aga in . The m a x i m u m value is d e t e r m i n e d by h r a t l o s s e s and 
conduct ion in the p ipe . 





A modified thermal f lowmeter des ign has been developed which 
does not have the above d isadvantages . In principle , it c o n s i s t s of a short 
length of pipe with different constant t empera tures maintained at the ends. 
With no flow, the teniperature along the pipe is determined by heat conduc
tion along the pipe wall due to the temperature dif ference. Midway between 
the fixed t e m p e r a t u r e s , the pipe temperature will be the average of the 
2 t e m p e r a t u r e s . As the flow i n c r e a s e s , the midpoint temperature will ap
proach the inlet t emperature . 

A des ign using 2 pipe sec t ions in a s y m m e t r i c a l U-configuration is 
shown in Figure 2. 

I -N m DUM*r CT«n*ut 
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Figure 2 

MARK II THERMAL FLOWMETER 
AND DIFFERENTIAL 

THERMOCOUPLE 

I i tChrwl 
l i t AluMtl 

The top block shown in Figure 2 is held at a fixed temperature 
above the lower block, which is not n e c e s s a r i l y at a control led temperature . 
This reduces the amount of control equipment and al lows the bottom block 
to approach the inlet gas t emperature . Use of 2 gas p a s s e s in opposite di 
rect ions between the fixed t empera tures and m e a s u r e m e n t of the output 
a c r o s s the two midpoints reduces the effect of external temperature changes 
and temperature cycl ing of the top block. Assoc ia ted instrumentat ion for 
the complete unit is shown in Figure i. 

This v e r s i o n of the thermal f l owmeter has a very wide useful 
range. It i s capable of measur ing gas flow rates of 10 m i / m i n to 100 i / m i n . 
Among the g a s e s used have been hydrogen fluoridr, uranium hc-xafluoride, 
bromine pentafluoride, and f luorine. 





Figure 3 

THERMAL FLOWMETER CIRCUIT 
SHOWING INSTRUMENTATION 

DETAILS OF CONSTRUCTION 

Two 2 .5 - in . lengths of 1 .25- in . -OD b r a s s bar stock were dri l led 
with Si-in. holes for ^ - in . tubing, and n - i n . ho les for the differential 
thermocouples and the thermopi le leads . A 180° bend with j - i n . ID was 
made in the center of a straight length of nickel tubing. This sharp bend 
can be made without col lapsing the tube by filling the tube with sand or by 
using a spec ia l ly constructed or modified tubing bender. The tubing and 
holes for the tubing were painted with s i l ver so lder flu.x before a s s e m 
bling. Good thermal contact between the block and the tube can be achieved 
by flowing s i lver so lder between the block and the tube from the end of the 
block near the center of the unit until it appears at the other end of the 
block. 

C h r o m e l - a l u m e l junctions have been used in the differential ther
mocouple and the thermopi le because of the high strength and s imi lar i ty of 
st i f fness of the w i r e s . These propert ies greatly faci l i tate the construction 
of the thermopi le . The thermopi le was constructed using number 30 wire 
and contains 4 junction pairs . It was wrapped around the 2 tubes midway 
between the 2 blocks . For e l ec tr i ca l insulation of the thermopi le , high-
temperature insulating varnish was baked on the tubes before wrapping the 
thermopi le . (It can a l so be insulated with very thin sheets of mica . ) After 
the thermopi le is in p lace , the Junctions were fixed with insulating varnish 
or Sauere i sen cement . This a l so aids thermal contact between the t h e r m o 
pile and the tubes. Thermopi le lead w i r e s were brought through a j^- in . 
hole in the bottom block by means of porcelain thermocouple tubing and 
Sauere i sen cement . 

The differential thermocouple was constructed with number 20 Chro-
mel and Alumel wire . The upper junction should be in contact with the 
brass block in order to reduce t ime lag. The lower junction was wrapped 
with a s ingle layer of g l a s s tape. 





The space between the blocks was wrapped with some stiff insulat
ing material such as mica. A str ip about ^ in. wider than the block spacing 
was held in place with glass adhesive tape. The cylinder so formed should 
be rigid enough to prevent any contact with the thern-iopile. Extensive and 
tight taping is necessary to prevent air leakage. Insufficient taping has pro
duced noise signals in the output of the thermopile of several hundred micro
volts. These noise signals dropped to less than 1 0 u v after re-taping. 

Heating of the upper block with any type of contact heater should be 
satisfactory. Tube furnaces of the radiation type were found to have too 
large a time lag. When a high flow rate is stopped, the heat demand of the 
upper block may change from around 300 to 10 w. If the heating element is 
appreciably hotter than the upper block during the high heat demand with 
flow, the upper block temperature will r ise above the control setting after 
the flow is stopped. Three-hundred-watt s t rap heaters were used on most 
of the flowmeters. Another heater used was made by winding a coil of 
Nichrome wire directly on the b rass block by means of a thin sheet of mica 
between the wire and the block. The wire can be spaced very closely by 
winding a string with the wire as a spacer which is removed after the coil 
is wound. The coil is then coated with a Sauereisen cement to hold it in 
place. This type of heater has a smaller time lag than the s t rap heater. 
Thermal insulation around the upper block will increase the flow-
measuring capacity of the meter . The bottom block should not be insulated, 
as this will cause the temperature to r ise excessively under some conditions. 
If it is necessary to prevent condensation of the flowing gas, the lower block 
may be heated without insulation. 

A NOTE ON TEMPERATURE MEASUREMENT 

The use of a normal on-off type of pyrometer controller for the 
block heater will give a cycle time of the order of one minute. This osci l 
lation will appear in the thermopile output with an annplitude of the order 
of 10 percent of the DC output voltage. For printing-type recorders this 
will give an unsatisfactory record, unless the printing frequency is much 
higher than the input oscillation frequency. In this case, or in the case of 
a continuous recording, the oscillation can be averaged to give a reading. 
Proportioning-type pyrometer control lers will give a cycle time of about 
5 sec. In this case , the oscillations of the output are less than 10 fjv under 
all flow conditions. 

In one installation, a Brown s t r ip -char t recorder gave sudden 
small changes in the recorded output when the heater switched opened or 
closed. A filter consisting of a IO0-/if electrolytic capacitor.and an induc
tor eliminated the effect. Apparently, a small amount of 60-cycle voltage 
is produced in the output by magnetic linkage between the heater and 
thernnopile. 
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USE OF THERMISTORS 

Thermistors (high-temperature-coefficient res i s tors ) have been 
used instead of the thermopile to obtain higher output voltage at low flow 

ra tes . This method provides a more flexible unit 
because the zero-flow output voltage and output 
voltage change (with flow) are independently adjust
able. A d i rec t -current power supply is required 
with sufficient stability for the accuracy desired. 
A schematic of the circuit is shown in Figure 4. 
Output sensitivity varies with temperature of the 
bottom block and some degree of control of block 
temperature is required. The tempera ture-
sensitivity relation is shown in Figure 5. 

Figure 5 

Figure 4 

THERMISTOR 
CIRCUIT 

T - " ! 

The thermistor resistance 
is accurately described by the 
equation: 

Ro e B / T 

RELATIVE SENSITIVITY OF 
THERMISTOR CIRCUIT TO 

AVERAGE THERMISTOR 
TEMPERATURE 
(See Figure 2) 

(1) 

where RQ and Bare constants and 
T is absolute temperature of the 
temperature of the thermistor . 
The thermis tors used had speci
fications limits of 120 percent on 
RQ and 15 percent on B. In order 
to reduce the change in zero-flow 
output voltage with temperature 
of the bottom block, the therm
istors should be matched with r e 
spect to their temperature coefficients 
Figure 4 is 

120 ISO 140 

E T E M W M T u a e ^ ( T | * T t ) ,C 

The output of the circuit in 

Eo = Ej ( R i R „ e B / T ' • R , R„ e B / T " j (2) 

where T' and T" are thermistor temperatures . The condition for minimum 
change in sensitivity with temperature is 

O'EO 

and gives 

(3) 





R = Ro e B/T r-i5_..i 
[ B + 2T J 

(4) 

The temperature in this relationship is the average temperature of the 2 
thermis tors , or approximately the temperature average of the upper and 
lower blocks, and is used to set the 2 fixed resis tances in the bridge. Zero 
adjustment was then made by changing the 2 res i s to rs while keeping the 
sum of the 2 constant. The thermis tors used were Victory Engineering 
Corp. Type 32A12. They were mounted by cementing with insulating var
nish in shallow notches filed in the inner side of the tubes midway between 
the blocks. 

VL\THEMATICAL ANALYSIS OF DESIGN 

In order to simplify the mathematical analysis, the following a s 
sumptions are made: 

1. The two blocks are at a uniform temperature . 

2. The gas leaving a block is at the same temperature as the 
block. 

3. The gas temperature in the tubes between the blocks is con
stant and at the same temperature of the block from which it 
left. 

For the condition: temperature change = (heat conducted along 
tube) - (heat lost to fluid), the basic equation is 

dT _k_ c' T 
cc ex ' pcA, 

The boundary conditions a re 

(T - T,) (5) 

X = 0 

X = L 

t = 0 

T = T, 

T , + X 
(T ; - T.) 

(6) 

The general solution is 

2(T2-T ,1 
L ^^ L V n n L Z / LZ .(7) 

where 





Z -- i l ^ . knV ^ J 
pcA, pcL* ' 

The t ime transient in the above solution decays exponential ly with a t i m e 
constant of 1, Z and has a m a x i m u m value when n - 1 . The t ime constant 
would be l e s s than this nnaximum value at the beginning of a transient and 
would approach this maximum. 

The s t e a d y - s t a t e solution is 

- = -• ^ <-'-•> ii^HS • ''̂  
where 

a - y h A i kA, (10) 

The temperature difference between the centers of the 2 tubes is 

when 

and 

aL 

tT = (Tj - T,) a ' L V s • (12) 

COMPARISON OF FLOWMETER DESIGNS 

An early thermal f lowmeter based on the c l a s s i c a l des ign and r e 
ferred to as Mark l ' ' ) is shown in Figure 6. This des ign orig inated at Oak 
Ridge National Laboratory and is adequate for low flow rates . The straight 
part of the tubing loop was 0 .006- in . wal l , ^ - in . OD Inconel tubing, and the 
bend was copper tubing. The unit was a s s e m b l e d with so lder and insulated 
by filling a surrounding box with expanded mica . The output was obtained 
from 6 iron-constantan pairs a c r o s s the c e n t e r s of the length of Inconel. 
The power input to the heater was about 14 w for the cal ibrat ion shown in 
Figure 7. The t ime constant of the f lowmeter was about 10 min at low flow 
rates to around 5 min at flow rates of 100 m l / m i n . The use of a length of 
10 in. in the t i m e - c o n s t a n t equation gave a max imum t ime constant of 
8 min at low flow rates . 
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Figure 6 

ORNL FLOWMETER 
(Mark I) 

' " " ^ ^ 
Figure 7 

CALIBRATION OF THREE THERMAL 
FLOWMETERS WITH AIR 

d^ 

• — • L C U L * T E O ro. HAftK m 

utASUHfD 

X tOU«TlO*l(ia) 

a m rLOW.cc/Mn ai JO'C 0"4 i««m 

The modified wide-range flowmeter is designated Mark II and is 
shown in Figure 2. The calibration in Figure 7 was obtained with a tem
perature difference across the blocks of I 50°C. The measured time con
stant was 3 sec and was independent of flow. The calculated maximum 
time constant is 5 sec. 

The Mark III flowmeter is similar to the design given in Figure 2 
except for an increase in block spacing to 1.5 in. and a coiling of the tubing 
in the top block. A 6-turn one-in. OD coil was formed and cast in an 
aluminum block 4 in. long by 1 ^-in. OD. 

THEORETICAL ANALYSIS OF MARK III CALIBRATION CURVE 

The 3 calculated curves in Figure 7 were for the Mark III dimen
sions. The 2 curves at the higher flow rates were based on the assump
tions previously stated, which includes that of a constant gas temperature 
in the tubes between the blocks. 

For turbulent flow, the dimensional relationship for air is(2) 

h = 16.6 Cp G O - ' / D " ' (13) 
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For i -in.-ID tubing, turbulent flow atarta at 7 l /min. For laminar flow, 
the l i terature gives average values of h for constant wall temperature and 
as a function of tube length to take care of entrance effects. The following 
theoretical relationship for fully developed laminar flow was used(3): 

h = 4.1 k/D (14) 

It IS apparent that the assumptions are not valid in this flow range, and 
the curve was included only to show the region of transition between the 
other two calculated curves. 

At low flow rates the gas temperature will approach the wall tem
pera ture . Setting the two equal gives 

£ T ^ 
dx^ • * dx ^ 

(15) 

where 

a = M c p / k A , 

T, + (Tj - T,) _aL , 

AT = (T i - T,) 
lie^W^.l) 

, a L 

(16) 

(17) 

when 

a L « 1 

AT (Tz - T.) ^ (18) 

Equa t ion (18) is p lot ted on F i g u r e 7 and is a p p r o a c h e d at low flow r a t e s a s 
was e x p e c t e d . 

N O M E N C L A T U R E AND UNITS 

A | tubing wal l c r o s s s e c t i o n a l a r e a , sq ft 

A2 tubing ins ide a r e a pe r length , sq ft/ft 

c tubing hea t c a p a c i t y , B tu / ( lb ) (F) 

Cp gas hea t c a p a c i t y , B tu / ( lb ) (F ) 

•̂  ins ide tubing d i a m e t e r , in. 
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E^ bridge input voltage 

Eo bridge output voltage 

G m a s s ve loc i ty of g a s , l b / ( s q ft)(sec) 

h heat transfer coeff ic ient of gas . Btu/(hr)(sq ft)(F) 

k thermal conductivity of tubing, Btu/(hr)(8q ft)(F)/ft 

L length of tubing between fixed temperature , ft 

K r e s i s t a n c e , ohms 

T tubing temperature 

Tl lower block temperature 

Tj upper block temperature 

T', T" t h e r m i s t o r t e m p e r a t u r e s 

AT temperature difference between tubing midpoints 

t t ime 

p dens i ty , Ib /cu ft 

M m a s s flow of g a s , Ib/Tir 

X dis tance along tube 
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